Fabrication of a new ball-shaped titanium material for vertebral compression fracture treatment has been studied using micro-arc oxidation in an electrolyte containing hydroxyapatite (HAp). To prevent microstructural disturbance on the surface, ethanol was used as a co-solvent. The material thus obtained was found to have high porosity with many micropores, fixed HAp particles on the surface, and elasticity comparable to cancellous bone. Furthermore, it was demonstrated that the materials have osteoconductivity and the elasticity was kept under cycled stress. These indicate that they can be new bone filling materials for percutaneous vertebroplasty (PV).
Introduction
Vertebral compression fracture is often caused by osteoporosis, trauma, bone neoplasm and vertebral hemangioma, and is also increasing with the advent of an aging society. 1) Recently, percutaneous vertebroplasty (PV) has spread extensively as a treatment for painful vertebral compression fractures. 2, 3) In PV, bone cement composed of poly(methyl methacrylate) or calcium phosphate-based materials as a bone filler is injected into vertebrae through the center of the pedicle from the surface of the skin in order to alleviate pain. In fact, PV is reported to have more than 70-90% effectiveness for short-term pain reduction. 4) However, mismatch of strength and elasticity between the bone filler material and the surrounding bone is known to cause implant release and new fractures over the long term. 5) Furthermore, concerns over bone cement leakage around the bone and into veins, which could cause severe symptoms such as neurological defects and pulmonary embolism, have been reported. 6) On the other hand, titanium and its alloys have been widely employed as implant materials, due to their excellent chemical stability, mechanical properties and biocompatibility. 7, 8) In order to find a suitable balance between strength and elasticity and solve the problems associated with conventional bone fillers, we designed a novel titanium wire ball (TWB) fabricated in spherical form from titanium wire. It is considered that such TWBs can be fabricated with appropriate sizes for insertion into vertebrae through the pedicle and with similar strength and elasticity to vertebral cancellous bone by adjustment of the length and diameter of the titanium wire. The interconnected space in TWBs is expected to provide a favorable environment for bone ingrowth. Highly porous titanium materials have been applied extensively for bone tissue engineering. 9, 10) In addition, the packing of many TWBs into vertebrae is anticipated to effectively reduce pain and result in strong bonding between TWBs through new bone. Furthermore, in recent years, the anodic oxidation treatment of Ti metals has attracted considerable attention as a surface modification method for the improvement of osseointegration. [11] [12] [13] In the present work, TWBs with various porosities were obtained and were anodized in a hydroxyapatite particles (HAp) containing electrolyte to increase biocompatibility. The surface characteristics and mechanical properties of these TWBs were also investigated.
Experimental Procedure
Spherical TWBs with diameters of 4 mm were fabricated from pure titanium wire with diameter of 0.1 mm; TWBs with porosities of 74, 83 and 87% were fabricated from wire with lengths of 110, 73 and 55 cm, respectively (Horie Corporation, Japan). The TWBs were immersed into an electrolyte composed of 0.5 mol/L NaOH, 0.05 mol/L Na 3 PO 4 , 0.05 mol/L H 2 O 2 and 10% EtOH containing 2.5 g/L of HAp at a distance of 5.0 cm from a pure titanium cathode, and micro-arc oxidation was conducted at a current density of 0:5 AE 0:5 kA/m 2 and a frequency of 300 Hz (square wave) for 5 min to provide HAp-fixed and pulseanodized TWBs (HAp-Pulse-AO-TWB).
11) The surface structure, cross-sectional structure, and film thickness of the HAp-Pulse-AO-TWBs were examined using field-emission scanning electron microscopy (FE-SEM; Hitachi S-4800) with energy dispersive X-ray spectroscopy (EDX; Horiba EX-2500). The bioactivity of TWB was evaluated by simulated body fluid (SBF) immersion. 14) In addition, compressive strength tests were performed on TWBs and HAp-Pulse-AO-TWBs using a Shimadzu Autograph AGS-J universal testing machine.
Results and Discussion
A photograph and 3-D X-ray computer tomogram of a TWB with a porosity of 74% are presented in Figs. 1(a) and 1(b), respectively. The TWB has interconnected pores, which would allow osteoblasts and related proteins to enter and provide an effective scaffold for osteoconductivity. SEM micrograph, respectively, of a HAp-Pulse-AO-TWB made from TWB with a porosity of 83%, that indicates that uniform modification of the TWB was achieved. Interestingly, anodic oxidation of the TWB in an electrolyte without EtOH resulted in non-uniform oxidation of the surface. 16) The non-uniformity is thought to be due to gaseous emission at the anode by water electrolysis, which causes defects in the microstructure of the TWB surface. 17) The cross sectional SEM micrograph shows that there is sufficient space for bone ingrowth, even after anodic oxidation (Fig. 2(b) ). The cross sectional SEM micrograph of anodized titanium wire in Fig. 2(c) shows that the thickness of the oxidized surface layer was approximately 10 mm. Figure 3 shows an SEM micrograph and EDX spectra of the wire surface of a HApPulse-AO-TWB. The oxidized layer formed is a highly microporous structure and HAp particles are incorporated onto the surface. We have already reported that CaTiO 3 is formed on a Ti surface by the reaction of HAp particles and TiO 2 film under the same electrolysis conditions, which indicates that HAp particles are fixed on the surface. 11) These show that HAp-Pulse-AO-TWB can exhibit effective osteoconductivity. In fact, it was confirmed by SBF immersion of HAp-Pulse-AO-TWB (Fig. 4) . Figure 5 shows the average compressive stress-strain curve of a TWB and HAp-Pulse-AO-TWB (n ¼ 6), in which the Young's modulus (MPa) can be derived from the slope of the linear (from 6 to 7 MPa) elastic region of the stress-strain curve; these results are summarized in Table 1. 18) The Young's modulus of TWB decreased with increasing porosity, which demonstrates that the elasticity of TWB can be easily controlled by adjusting the length of titanium wire used. The Young's modulus of the HApPulse-AO-TWB was 2-3 times higher than that of the TWB, probably due to the formation of the oxide film and the fixation of HAp onto the surface. The Young's moduli of TWBs and HAp-Pulse-AO-TWBs, except for the TWB with 87% porosity, were found to be comparable to those of cancellous bones, 19) and could therefore possibly prevent new fractures caused by mismatch between the bone filler material and existing bone.
On the other hand, it is important issue whether the implanted materials can support a repeated load of daily activity or not. Figure 6 (a) shows load-unload diagram of TWB with 83% porosity where load and unload were cycled 10 times between 0 and 10 MPa for 60 s, indicating that the strain by load and unload were maintained to be 13-15% and 1-3% through 10 cycles, respectively. Interestingly, as shown by Fig. 6(b) , the stress-strain curves for 10 2 -10 4 cycles were similar to the first cycle's curve, except that they were little by little shifted to the right with increasing cycles. These results clearly demonstrate that the elasticity can be kept under repeated load. Furthermore, it was ascertained that when continuous stress of 100 MPa was loaded on TWB with 83% porosity over 5 h, the resulting strain (30%) was almost unchanged during the loading. This suggests that the material have sufficient stiffness together with the elasticity for bone substitute. 
Conclusion
We have developed new TWB bone fillers for PV treatment based on anodic oxidation in an EtOH-containing electrolyte. The TWBs have interconnected pores, a microporous oxidized layer that is loaded with HAp on the surface, and elasticity similar to cancellous bone. The elasticity was found to be kept under cycled stress. Evaluation of TWBs as artificial bones is now under way. 
